Endometrial cancer is a clinically heterogeneous disease and it is becoming increasingly clear that this heterogeneity may be a function of the diversity of the underlying molecular alterations. Recent large-scale genomic studies have revealed that endometrial cancer can be divided into at least four distinct molecular subtypes, with well-described underlying genomic aberrations. These subtypes can be reliably delineated and carry significant prognostic as well as predictive information; embracing and incorporating them into clinical practice is thus attractive. The road towards the integration of molecular features into current classification systems is not without obstacles. Collaborative studies engaging research teams from across the world are working to define pragmatic assays, improve risk stratification systems by combining molecular features and traditional clinicopathological parameters, and determine how molecular classification can be optimally utilized to direct patient care. Pathologists and clinicians caring for women with endometrial cancer need to engage with and understand the possibilities and limitations of this new approach, because integration of molecular classification of endometrial cancers is anticipated to become an essential part of gynaecological pathology practice. This review will describe the challenges in current systems of endometrial carcinoma classification, the evolution of new molecular technologies that define prognostically distinct molecular subtypes, and potential applications of molecular classification as a step towards precision medicine and refining care for individuals with the most common gynaecological cancer in the developed world.
Introduction
It is an exciting era in cancer care; we are moving beyond treatment of disease according to anatomic site, beyond dependence on 'histomorphology' alone, and towards tailoring therapy according to molecular features within an individual's tumour. This progression has been especially critical in endometrial carcinoma (EC), where current standard pathological classification by histological subtype, grade, disease extension, and lymphovascular space invasion (LVSI) is considered highly subjective and has challenges in reproducibility. In contrast to the high inter-observer agreement in histological subtype assignment documented for epithelial ovarian cancers [1,2], major disagreement or complete lack of consensus of histotype assignment has been observed in approximately one-third of high-grade EC cases, with substantial immunophenotype diversity noted [3] [4] [5] [6] [7] . Disagreement in grade assignment, both between pathologists and between diagnostic endometrial specimens and final hysterectomy specimens, is also common [8] [9] [10] . Histology and grade, in addition to stage (determined after surgical staging procedures), form the basis for risk group stratification in EC [11] [12] [13] [14] , directing which women should receive adjuvant therapy [radiation (vaginal or external beam), chemotherapy or both] [11, [14] [15] [16] [17] . Additional features, such as patient age, depth of myometrial invasion, endocervical stromal involvement, lymph node status, and LVSI, are increasingly being incorporated [18] [19] [20] . However, assessment of the five most commonly used risk stratification systems in EC demonstrated that none are highly accurate at stratifying risk of recurrence or metastases [21] . This may be secondary to the aforementioned irreproducibility of histotype and grade assignment such that the same woman might receive very different treatment and have a very different clinical outcome depending on how her tumourclassification systems, prohibiting the ability to perform research and tailor clinical management within 'like' tumours.
We need to do better if we are to improve outcomes for women with EC. A more reproducible, objective, biologically informative system to classify tumours and enable stratification of past and future clinical trials is urgently needed. Given what has been described as a global epidemic of increasing incidence and mortality of EC in the developed world, it is time to focus our attention on a 'novel classification system' for this disease site. Herein, we describe an evolution of EC classification from conventional pathology assignment through comprehensive genomic/proteomic/transcriptomic characterization in The Cancer Genome Atlas (TCGA) project to new pragmatic methods of integrating molecular classification into conventional pathology assessment. We share new applications and research advances as well as challenges to address as we move forward.
TCGA classification of endometrial carcinomas
The TCGA network performed a multiplatform analysis of EC [22] . This was a landmark study in many ways, providing a new framework from which to approach EC going forward. The TCGA used a wealth of genomic information and exploited somatic copy number alterations (SCNAs) and tumour mutation burden (TMB) to propose four distinct EC classes with distinct genomic aberrations, breaking with the traditional dualistic view [23] . The first molecular subgroup consisted of copy number-stable, but ultra-mutated EC with recurrent mutations in the exonuclease domain of DNA polymerase epsilon (POLE), a gene involved in nuclear DNA replication and repair [24] [25] [26] [27] . These tumours had extraordinarily high somatic mutation frequencies, exceeding 100 mutations per megabase (Mb) in the majority of cases [28] . Subsequent studies showed that, histologically, POLE-mutant ECs are typically high-grade endometrioid EC (EEC) with a superficial broad front invasion pattern and the presence of tumour giant cells and prominent tumour-infiltrating lymphocytes (TILs) [29] [30] [31] [32] (Figure 1 ). It has also been noted that ECs that are morphologically difficult to classify (histomorphologically ambiguous) are more likely to be POLE-mutant [33] . The second molecular EC subgroup reported by the TCGA was hypermutated, with microsatellite instability (MSI) due to dysfunctional mismatch repair (MMRd) proteins: MLH1, PMS2, MSH2, and MSH6 [22, 34] . The predominant underlying mechanism was epigenetic silencing of MLH1 (by promoter hypermethylation). In a minority of EC the MMRd is caused by somatic or germline mutations in the MMR genes, the latter being diagnostic for Lynch syndrome (LS), an autosomal-dominant cancer susceptibility disorder associated with a markedly increased risk of colorectal carcinoma (CRC) and EC [35, 36] .
MMRd leads to high mutation frequencies, usually exceeding 10 mutations per Mb [37] . Histologically, ECs with MSI or MMRd are mostly endometrioid; however, non-endometrioid subtypes have been described [38] [39] [40] . Like POLE-mutant ECs, these tumours typically display TILs and peri-tumoural lymphocytes. Furthermore, a so-called 'microcystic elongated and fragmented (MELF)' pattern of invasion and LVSI have also been associated with MMRd EC [32, [41] [42] [43] . The third molecular subgroup was genomically relatively stable, MMR-proficient, and had a moderate number of mutations, mostly within the PI3K/Akt and Wnt signalling pathways. This subgroup was almost exclusively composed of EECs with oestrogen (ER) and progesterone receptor (PR) positivity. The fourth subgroup had high SCNA, very similar to high-grade serous ovarian carcinomas (HGSOCs), and frequent TP53 mutations (92%). Morphologically, these were high-grade (grade 3) ECs, including most serous ECs, but interestingly EECs (26%) were also classified in this group, justifying the now commonly used term 'serous-like cancers'.
Post-TCGA pragmatic molecular classification of endometrial carcinomas: clinically applicable surrogate markers
The TCGA applied methods that are too costly and cumbersome for widespread implementation into routine clinical practice. Post-TCGA, two research teams have developed more pragmatic approaches that can enable molecular subtyping in pathology laboratories. These molecular classification systems are feasible on formalin-fixed, paraffin-embedded (FFPE) material and designate four molecular subclasses of ECs with distinct prognostic outcomes, analogous but not identical to the TCGA subgroups [41, 42] . A summary of the characteristics of each molecular subtype according to TCGA criteria and subsequent post-TCGA publications is given in Table 1 . Importantly, there is little intratumoural heterogeneity in molecular subtype assignment when testing these surrogate markers and they can be assessed reliably on diagnostic endometrial specimens as obtained by office biopsy (e.g. pipelle) or dilatation and curettage [44, 45] .
Diagnostic tests to identify ultra-mutated POLE-mutated ECs
Clinically relevant POLE exonuclease domain mutations have been identified adjacent to highly conserved exo motifs, required for proper proofreading activity. The most frequent somatic mutations in the proofreading domain in human cancers are P286R, V411 L, and S459F. Sequencing methods that limit analysis to these three hotspots would identify 67-92% of all POLE-mutant cancers [42, 46] . However, for clinical implementation, in order not to miss detecting this prognostic subgroup, it may be preferred to cover the complete exonuclease domain. Sanger sequencing is an acceptable option, as well as panel-based next-generation sequencing (NGS), incorporating POLE exons 9-14 or 9, 13, and 14.
Regardless of the extent to which POLE is assessed, it will be critical to restrict the POLE designation to tumours associated with pathogenic POLE variants. This is particularly challenging in cases with rare variants, of which the effect on proofreading function is unclear. For this reason, it has been proposed to only classify POLE variants as pathogenic if the variant has been demonstrated to result in a high mutational frequency (greater than 100 mutations per Mb), an increased proportion of C → A transversions (exceeding 20% of all substitutions), and POLE mutation at a residue that is recurrently mutated in cancer [28] .
Diagnostic tests to identify mismatch repair-deficient (MMRd), MSI-high ECs
Two common laboratory assessment tools for the identification of tumours with deficient mismatch DNA repair include (i) MSI assays and (ii) immunohistochemistry (IHC) for the presence/absence of MMR protein expression. Historically, both of these tests have been optimized and designed to triage CRC patients, followed by an assay that tests the methylation status of the MLH1 promoter, to identify LS patients [35, 36] . MMR proteins heterodimerize into MutSa (MSH2-MSH6) and MutLa (MLH1-PMS2) [47, 48] , where MSH2 and MLH1 stabilize MSH6 and PMS2, respectively [49] . The prognostic and predictive significance of MMR/MSI status, as well the value of identifying patients at higher risk of LS (increased screening, risk-reducing interventions, referral of family members), has prompted universal testing for all CRC patients [50, 51] . Given the observation that EC is the most common presenting tumour in women with LS, routine testing by MMR-IHC in all ECs is increasingly being advocated [52] [53] [54] [55] [56] [57] . As the MSI assay is more expensive and requires DNA purification, MMR-IHC has become the preferred test in most pathology laboratories. Furthermore, the IHC approach is reliable, with reported concordance rates with the MSI assay ranging from 86% to 99% [58, 59] . Recently, subclonal/regional loss of MMR expression has been appreciated [58, 60] (Figure 2 ). This indicates that MMRd can occur during the progression of disease [58] . The concordance between MMR-IHC and MSI assays is greater when subclonal/regional loss of expression is accounted for. MMR-IHC is also the preferred approach for LS triage cascade testing, because it allows identification of the affected gene. Moreover, MMR-IHC is a more reliable method for the identification of ECs with MSH6 mutations than MSI assay [58] . The triage cascade includes an assay in which the methylation status of the promoter of MLH1 is assessed. Given the aforementioned binding properties of mismatch repair heterodimer complexes, performing IHC for only MSH6 and PMS2 saves cost and has been demonstrated to be both sensitive and specific [58, 59, 61] .
Diagnostic tests to identify copy number-high analogous subgroup
Given the high frequency of TP53 mutations (92%) [22] in the copy number-high molecular subgroup, analysing the mutational status of TP53 appears to be sufficient to identify a poor prognosis analogous molecular subclass. TP53 mutations elicit two functional consequences: gain and loss of function. Gain of function is due to nonsynonymous mutations, with accumulation of nuclear p53 in the nucleus due to a failure in the degradation of the protein by MDM2-induced ubiquitination [62] . This results in strong and diffuse nuclear overexpression, easily identified by IHC. Loss of p53 function is present in nonsense mutations, indel, and splicing mutations, which interfere with correct protein translation. These mutations are associated with loss of p53 expression (the so called 'null-pattern') or very rarely cytoplasmic accumulation [63, 64] . Recently, the two functional effects of TP53 mutations have been described to correlate well with IHC staining in HGSOC, demonstrating a sensitivity of 0.96 and a specificity of 1.00 [64] . A subclonal/regional pattern can be identified in some cases, showing aberrant p53 expression in a discrete geographical area, associated with TP53 mutations [44] (Figure 3) . Currently, inter-observer and concordance studies in p53 assessment are on-going, of which the results are eagerly awaited, as p53 IHC is an attractive low-cost surrogate to determine TP53 mutational status.
Diagnostic test to identify the copy number-low subgroup
ECs that lack pathogenic mutations in POLE and TP53, and are microsatellite-stable (MSS), by default fall within the category of tumours analogous to the ones the TCGA had annotated as 'copy number-low'. We feel that this annotation is not accurate and somewhat misleading, since there are focal SCNAs. In fact, this subgroup of ECs has more SCNAs than MMRd and POLE-mutant ECs [65] . As a result, subsequent research teams have come up with alternative molecular definitions and associated names, such as 'p53wt group', referring to the complete lack of TP53 mutations in this subgroup. This name, however, is also imperfect, as TP53 mutations may also be encountered in the MSI and POLE-mutant ECs, albeit at low frequency. Therefore, to this end, and in the absence of a better alternative, this group has been referred to as 'no specific molecular profile/no surrogate marker profile, NSMP', as this is the group of ECs that remain after excluding those ECs with a specific profile or with a surrogate marker. Novel testing strategies for POLE and MMRd subtypes such as assessment of the TMB [37, 66, 67] may have the advantage of identifying the overriding phenotype, overcoming the genotyping issues such as rare variants with uncertain pathogenicity. This may become an attractive option to simplify laboratory workflow in the future.
Prognostic refinement
The molecular classification of the TCGA provided an attractive new context to interpret ECs. Four prognostic subgroups were identified, not all of which would have been predicted based on traditional clinicopathological factors. As the TCGA classification was the result of unsupervised clustering of genomic aberrations of a small and clinically heterogeneous cohort, it was insufficiently powered to address clinical utility. Subsequent studies by the Vancouver and PORTEC groups have corroborated the prognostic value in large cohorts with mature follow-up data [41, 42, 68, 69] .
The Vancouver cohorts were unselected, and contained EECs (83%), serous, mixed, and undifferentiated ECs, with a mixture of all grades and stages, in a distribution weighed slightly towards higher-risk tumours reflecting their status as a tertiary referral cancer centre. A discovery phase, testing 16 different models of surrogate molecular marker testing, yielded a pragmatic 'best' molecular algorithm that was then confirmed and validated according to the Institute of Medicine Guidelines [42, 68, 70] . This molecular classifier (coined ProMisE, for Proactive Molecular Risk Classifier for Endometrial cancer) stratified EC into four prognostic groups mirroring TCGA outcomes. Patients with POLE-mutant ECs had an excellent prognosis, with a hazard ratio (HR) of 0.15 for recurrence-free survival (RFS), while p53abn EC had a HR of 1.64 (p = 0.024) compared with the p53 wt/NSMP group [42] .
The PORTEC cohort was different, in that it assessed ECs from women included in the PORTEC-1 and -2 trials, therefore benefiting from a focused analysis of intermediate and intermediate-high risk patients [71, 72] . An integrated molecular model resulted in an improved risk stratification compared with a model using established clinicopathological factors. In this large trial cohort, patients with POLE-mutant EC had no locoregional recurrences, and p53-mutant ECs had a HR of 6.79 (p < 0.001) for locoregional recurrence compared with NSMP ECs [41] .
The results obtained from both research teams show that the pragmatic molecular classifiers carry independent prognostic significance and, importantly, the prognostic ability of these novel variables further improved by integrating them with existing prognostic clinicopathological variables (e.g. LVSI and stage) [41, 42, 68, 69] . The data appear to be particularly strong for women with ECs that would currently be categorized as 'high-intermediate-risk' and may improve the prognostic ability in 'high-risk' EC patients [41, 69] . In the context of low-risk disease (e.g. grade 1, stage IA EEC), the available data do not show that molecular classification adds prognostic value. This argues in favour of cost-conscious selected testing for EC patients with higher risks based on conventional pathology.
The molecular characterization may become especially relevant for patients with grade 3 EEC, a diagnosis suffering from considerable inter-observer variability [5, 7] . Recent data show that grade 3 EEC is remarkably heterogeneous, with representation of all molecular subgroups and a corresponding wide range in clinical outcomes [73] . This illustrates the capacity of the molecular classification to add clinically relevant information as well as enhance diagnostic accuracy in grade 3 EEC (Figure 4 ).
How the integrated molecular classification may impact treatment
The integration of biologically relevant molecular information into the EC diagnoses provides opportunities for molecular subclass-specific treatment stratification. Depending on the clinical context, this integrated information may inform treatment in the preoperative setting (lymphadenectomy yes or no), post-operative setting (adjuvant treatment yes or no), and additionally may carry information that can be exploited for surveillance advice or targeted treatment options in the recurrent or metastatic setting ( Figure 5 ).
Impact in the preoperative setting
As more and more guidelines are enforcing LS screening on all ECs, reflex testing on preoperative material, such as an endometrial curetting or pipelle biopsy, seems opportune. Adding p53 and POLE status may become desirable as well, as this information may become relevant for deciding upon the optimal surgical approach. The surrogate markers have already been validated to be reliable using preoperative material [44, 45] . Lymphadenectomy (total, sentinel, none) is recommended for high-grade EC in most countries without factoring in molecular features. Disease spread beyond the uterus is extremely rare in high-grade EC harbouring POLE mutations; thus, simple hysterectomy and bilateral salpingoophorectomy may be worthy for prospective evaluation. In contrast, for women with p53-aberrant ECs, more aggressive surgery with lymph node assessment and omentectomy seems appropriate. Another clinical scenario in which molecular classification may aid in decision making is young EC patients who wish to preserve fertility by hormonal management and delayed hysterectomy. Further prospective studies to define the safety of these measures are required.
Impact on adjuvant treatment
The adjuvant treatment choices in the post-operative setting are likely to be the first to be impacted by the integrated molecular classification, as most studies have focused on this scenario. As mentioned before, there is no evidence that POLE or TP53 status has significant impact on the risk allocation of low-risk EC patients based on conventional pathology.
Adjuvant treatment choices for high to intermediate-risk (HIR) EC patients are likely to be impacted by the integrated molecular classification, as risk stratification showed significant improvement. This observation has been the basis for the currently recruiting randomized PORTEC-4a trial [74] . This is the first EC clinical trial that uses molecular features as an integral component to study the effects of differential adjuvant treatments. PORTEC-4a will compare standard adjuvant treatment for HIR-EC patients (vaginal brachytherapy) with differential adjuvant treatments based on an integrated molecular profile. It is prospective trials like PORTEC-4a that will be crucial in the years to come, as these will provide the required evidence for subclass-specific treatments.
Currently, the optimal adjuvant treatment of high-risk EC is largely unknown. Platinum-based adjuvant chemotherapy regimens are being used for high-risk EC patients, including those with non-endometrioid subtypes, but clinical benefit to the addition of chemotherapy has been disappointing [75, 76] . Two randomized controlled trials (PORTEC-3 and GOG 249 [77, 78] ), which are in the final stages of evaluation, have analysed the benefit of adjuvant treatment with chemoradiotherapy versus radiotherapy alone in high-risk EC patients. The results of these trials will be critical to inform future adjuvant treatment guidelines.
Impact on surveillance
Tailored surveillance, adjusted to the patient's risk of recurrence instead of a uniform protocol, would enhance patient care. Based on the different outcomes of the molecular EC subgroups, it would seem appropriate to follow up women with p53-aberrant ECs more closely than those with POLE-mutant tumours. Health economic implications, patient reported outcomes, and clinical outcomes relevant to these practice changes need to be assessed.
Impact in recurrent disease
An integrated molecular classification would provide value for women with recurrence of their EC, informing targeted treatment and focusing resources specifically on women most likely to derive benefit. Novel clinical trials can be designed, with molecular features considered in the treatment design.
Perhaps the best example of an opportunity for subtype-directed care is the application of immune therapy [32, 79, 80] . Several studies have shown that the high TMB present in POLE-mutant and MMRd EC results in an abundance of neoepitopes/neoantigens that bind to MHC and induce an enhanced anti-tumour CD8 T-cell response [81, 82] . These cancers appear to escape the immune response by up-regulating immune checkpoint molecules, such as PD-1 and PDL1, which act as negative regulators of effector T cells [83] . Agents blocking these molecules, termed checkpoint inhibitors, restore anti-tumour immunity, leading to tumour regression [84, 85] . Proof of principle has recently been provided by treating heavily pretreated MMRd and POLE-mutant cancer patients with progressive metastatic disease with nivolumab or pembrolizumab. Patients showed a rapid response to treatment, with partial regression of metastatic mass, and response was maintained for 7 and 14 months for nivolumab and pembrolizumab, respectively [86, 87] . This has led to the accelerated approval by the Food and Drug Administration (FDA) of pembrolizumab for unresectable or metastatic MMRd tumours that have progressed following prior treatment and that have no satisfactory alternative treatment [88] . These exciting developments are particularly relevant as MMRd ECs are not infrequently advanced stage and may recur. Although POLE-mutated tumours represent a therapeutic opportunity for immune checkpoint inhibitors, the prototypical early stage and excellent outcomes observed in these women make it harder to justify costly intervention.
Challenges that still need to be overcome

Multiple classifiers
One unresolved issue with the proposed molecular EC stratification is how to classify and manage ECs with more than one molecular feature, commonly referred to as 'multiple classifiers' (Figure 6 ). The frequency of multiple classifiers is low, ranging from 3% to 5% of all EC cases in the published series that used surrogate markers. In contrast, the frequency of multiple classifiers reported by the TCGA was higher, which likely is the result of the different ways the subgroups were defined [89] . Currently, there are insufficient data on the clinical outcome to allocate these multiple classifiers to one of the molecular subclasses. Therefore, as we move forward towards implementing the molecular EC model, it will be imperative to know the clinical behaviour of these multiple classifiers in order to help guide treatment decisions. International collaboration is underway to address this challenge.
Relevant biomarkers, beyond the TCGA classifiers
The novel molecular classification system described in this review by no means captures the molecular heterogeneity in EC. Intra-class heterogeneity may further refine prognosis, which is particularly relevant for the large and heterogeneous group of ECs that fall into molecular class 3, p53wt/NSMP. CTNNB1 mutational status, L1CAM expression, ER/PR expression, and amplification of 1q32.1 have been put forward to refine the prognostic model. A significant proportion of ECs in NSMP (26-52%) carry activating mutations in exon 3 of CTNNB1. In low-risk and HIR-EC, CTNNB1-mutated ECs are associated with significantly lower RFS [41, 90, 91] . As CTNNB1 mutations are likely early drivers in endometrial carcinogenesis [92, 93] , CTNNB1-mutated EC may be regarded as the fifth molecular subclass, dividing the NSMP into biologically and clinically divergent tumours. L1CAM can be considered a pan-cancer prognostic biomarker, which when overexpressed is strongly associated with advanced stage, lymph node invasion, and aggressive histological subtypes [94, 95] . There are sufficient data that L1CAM is not merely a proxy of TP53 mutations, and carries independent prognostic value in EC [96] . In stage I EEC, expression of L1CAM (using a 10% cut-off) is associated with lower overall survival and RFS [96] [97] [98] , and in the PORTEC series of HIR-ECs, multivariable analysis showed independent prognostic value [41] . It is for that reason that L1CAM expression and CTNNB1 mutational status are incorporated into the molecular profiles of the PORTEC-4a trial [74] . ER/PR status is among the oldest prognostic markers in EC, where high PR expression has been correlated with improved survival and lymph node metastases [99] [100] [101] . Loss of ER has been correlated to lymph node metastases, and some studies correlate loss of expression to adverse prognosis [100, 102] . However, in more recent studies, multivariate analysis showed no added prognostic significance for ER/PR expression in models that include molecular EC classification [41, 101] . Finally, focal SCNA, such as 1q32.1 amplification, may improve the recurrence risk prediction model [65] .
Non-endometrioid endometrial cancers
The molecular classification presented by the TCGA was built upon EC with endometrioid and serous morphology, leaving the question of whether it can be translated to other rare EC subtypes. Several recent studies have applied the same classification to non-endometrioid EC, resulting in separation of clinical outcome [38, 42, 68, [103] [104] [105] [106] . These studies are limited in size, but appear to demonstrate 'proof of concept' that molecular classification may be clinically meaningful across all histotypes.
Conclusion
The molecular classification of ECs, through practical clinically applicable assays, points towards a paradigm shift in EC pathology practice in the near future. Most of the required tools used to classify these tumours are already in place in pathology laboratories, facilitating easy implementation and interpretation. We foresee a system where every new EC may be assessed conventionally (including histotype, grade, LVSI status, and stage) but will also be assigned to one of four molecular subclasses. The relative weight and importance of these parameters will continue to be studied. Regardless, this integrated approach will provide EC patients and their clinician team with a reliable and objective classification that carries information to guide their surgery, adjuvant treatment(s), and subsequent cancer surveillance schedule.
Although more work is needed to define the optimal implementation of molecular EC classification, we anticipate significant changes from standard practice in the near future. The ultimate goal is to improve outcomes for EC patients: facilitating LS identification, reducing unnecessary toxic therapies, and implementing biological rationale for conventional and targeted therapies. We encourage pathologists and clinicians to embrace molecular classification and look forward to a new era of precision approach to both research and clinical care.
